The pentafluorosulfanyl (SF 5 )g roup is more electronegative, lipophilic and sterically bulky relative to the well-exploredt rifluoromethyl (CF 3 )g roup. As such, the SF 5 group could offer access to pharmaceuticals, agrochemicals and optoelectronic materials with novel properties.H ere, the first synthesis of phthalocyanines (Pcs), ac lass of compounds used as dyes and with potential as photodynamic therapeutics, with aS F 5 group directly attached on their peripheral positions is disclosed. The key for this work is the preparation of as eries of SF 5 -containing phthalonitriles, which was beautifully regio-controlled by as tepwise cyanation via ortho-lithiation/iodination from commerciallya vailable pentafluorosulfanyl arenes.T he macrocyclization of the SF 5 -containing phthalonitriles to SF 5 -substituted Pcs required harsh conditions with the exception of the synthesis of b-SF 5 -substituted Pc. The regiospecificity of the newly developed SF 5 -substituted Pcs observed by UV/Vis spectra and fluorescencequantumyields dependo nt he peripheralp ositon of the SF 5 group.
The pentafluorosulfanyl (SF 5 )g roup likely has the greatest potential to alter the properties of original compounds when it is introduced into suitable positions on parent molecules, due to its specific physicala nd chemical properties.
[1] Despite the first appearance of this unique motif in the 1950s, the chemistry of the SF 5 group is one of the least explored in fluorine chemistry, causing it to be dubbed as the "forgottenf unctional group".
[2]
The SF 5 group has an octahedral geometry,a nd the sulfur atom is in ah ypervalent state with five fluorinea toms surrounding it, imparting SF 5 group with greatere lectronegativity, lipophilicity and steric size relative to the well-explored trifluoromethyl (CF 3 )g roup.I ndeed, the electronegativity of SF 5 is closer to that of an itro (NO 2 )g roup,a nd the size of SF 5 is equivalent to a tert-butyl group.
The SF 5 group has been nicknamed "super CF 3 "f or good reason.
[3] The field of CF 3 chemistry has blossomed over the past decades to become an extremelyr ich area of av ariety of researchf ields, including pharmaceuticals, agrochemicals and optoelectronic materials, [4] and SF 5 -containing compounds could represent the next epoch in these areas.
[5] Examples of SF 5 -containing analogues of CF 3 -substituted drugs and functional materials have seen success to varying degrees.
[6] Althought he synthetic methods to access SF 5 -containing compounds were previously limiteda nd tedious, [2] the discovery by Umemoto in 2008 of an efficient construction of an SF 5 unit on ab enzene ring from aa ryl disulfide [2b] allowed simple SF 5 -substituteda renes (1)t ob ecomec ommercially availablew ith the collaboration of Ube Industries Ltd. [7] Even the synthesis of SF 5 -substituted pyridines 2 was recently achieved by Dolbier [8] under modified Umemoto conditions. By virtue of these facts, it is hoped that direct functionalization of readily available simpleS F 5 -substituteda renes at all positions of the aromatic ring would allow for the synthesis of more complex SF 5 -containing molecules, [9] including SF 5 -containing macrocycles. Phthalocyanines (Pcs) are heterocyclic macrocyclesa nd are used as artificial blue or green organic dyes with high robustness. [10] Pcs are very popularp igments( e.g.,P igment Blue 16, Pigment Green 7, etc.) with big sales worldwide, but they have also been extensively researched in industry and academia for the development of organic solar cells, semiconductors, optical recording materials andm edicinal agentsf or photodynamic therapyo fc ancer due to their strong optical absorption at wavelengths longer than 650 nm. Since these optical properties of Pcs vary significantly with substitutions on peripheral positions, the designa nd synthesis of Pcs with various substitutionsh as attracted much attention. [11] In particular,s trong electron-withdrawing substituents, such as NO 2 remarkably decreaset he basicity of the parent macrocycle, resulting in an increasei nt he stability of the Pc towards oxidation.
[12] However, Pcs suffer from poor solubility in organic solvents. Fluoro-functionalized Pcs have thus emergeda sl ipophilica nd stabilized Pcs to overcome these shortfalls.
[13] These fluorinated Pcs are also expected to exhibit novel and unique properties,a nd trifluoroethoxy-Pcs [13c] and perfluoroisopropyl Pc [13a,b] are two representative examples of this compound class. Many reports have documented the synthesis of Pcs having fluorinated functional groups on peripheral positions [13] but there is no example of the synthesis of Pcs having an SF 5 moiety directly in their peripheralp ositions. [14] As part of our research program on fluorinated Pcs, [15] we report herein the synthesis of directly functionalized SF 5 -substituted Pcs 3a-c,and disclose the regio-specific optical properties of these derivatives for the first time ( Figure 1 ).
The criticaldeparture point for the synthesis of SF 5 -substituted Pcs 3 was how to create as eries of SF 5 -phthalonitriles 4 from commercially available SF 5 -substituted arenes. First, the synthesis of 4-(pentafluorosulfanyl)phthalonitrile 4a as aprecursor for b-SF 5 -substituted Pc 3a was attempted. The regioselective ortho-lithiation of 4-(pentafluorosulfanyl)benzonitrile (5) using as trong bulky base, lithium tetramethylpiperidide (LiTMP), was followed by iodinationw ith I 2 to furnish 6 in 38 % yield. Thei odo-function of 6 was next converted into ac yano group using copper(I) cyanidei nd imethylformamide (DMF) at 110 8Ctog ive 4a in 43 %y ield (Scheme 1).
The synthesis of 4b,t he precursor for a-SF 5 -substituted Pc 3b,w as next examinedu sing commerciallya vailable 2-hydroxyphenylsulfur pentafluoride (7)( Scheme 2). Treatment of 7 with triflic anhydride in the presence of triethylamine in dichloromethane at room temperature provided triflate 8 in 98 %y ield. The triflate moietyo f8 was converted into ac yano group using ac oupling reaction with zinc cyanideu nder palladium catalysis of tris(dibenzylideneacetone)dipalladium(0) (Pd 2 (dba) 3 )a nd 1,1'-bis(diphenylphosphino)ferrocene (dppf)t o give 2-(pentafluorosulfanyl)benzonitrile (9)i n9 1% yield. The newly functionalized cyano group in 9 was effectively used as ad irecting group for ortho-lithiation under LiTMP conditions followed by treatment with I 2 to provide 2-(pentafluorosulfanyl)-6-iodobenzonitrile (10)i n4 0% yield. Finally,asecond cyano group was introduced into 10 via ac ouplingr eactionb yc opper(I) cyanide in DMF under 140 8Ct op rovided esired a-SF 5 -phthalonitrile 4b in 59 %y ield.
Finally,t he synthesis of 3,5-bis(pentafluorosulfanyl)phthalonitrile (4c)f rom commercially available3 ,5-bis(pentafluorosulfanyl)-1-bromobenzene (11)w as attempted (Scheme3). Cyanation of bromide 11 proceeded smoothly with potassium ferricyanidea nd 1-butyli midazole in the presence of copper(I) iodide to furnish 12 in 74 %y ield. The ortho-lithiation/iodinationo f12 required three equivalents of LiTMP andI 2 in tetrahydrofuran (THF) at À80 8Ct og ive 13 in 68 %y ield. The desired 3,5-bis(pentafluorosulfanyl)phthalonitrile (4c)w as obtained in 42 %y ield by cyanation of 13 under copper(I) cyanide conditions.
With as eries of SF 5 -phthalonitriles 4 in hand, tetramerization of 4a-c to SF 5 -substituted Pcs 3a-c was investigated (Scheme 4). Under standard conditions consisting of zinc chlo- www.chemistryopen.org ride in N,N-dimethyl-2-aminoethanol (DMAE) at 140 8C, 4-(pentafluorosulfanyl)phthalonitrile (4a)w as converted into b-SF 5 -substituted Pc 3a in 10 %y ield as am ixture of regioisomers. However,S F 5 -phthalonitriles 4b and 4c failed to be cyclized under these conditions. This is presumably due to the steric hindrance [14a, 15k] and strong electronegativity of the SF 5 group on the neighboring cyano moiety.F inally,d esired a-SF 5 -substituted Pc 3b and a,b-SF 5 -substituted 3c were obtained under harsh conditions, that is, withouts olvent at higherr eaction temperatures (180-200 8C), in 28 %a nd 7.8 %y ield, respectively,asam ixture of regioisomers.
The UV/Vis and fluorescences pectroscopyw ere used to investigate their optical properties of SF 5 -substituted Pcs 3a-c in dichloromethane, a,a,a-trifluorotoluene (CF 3 Ph) and 1,4-dioxane (dioxane) (see Ta ble 1a nd Figure 2a ;d etailed data is provided in the Supporting Information). In dichloromethane, the UV/Vis spectra of a-SF 5 -substituted Pc 3b and a,b-SF 5 -substituted 3c are sharp, while the region of the 630 nm to 640 nm band of b-SF 5 -substituted 3a is broad ( Figure 2a) . Next, the UV/Vis spectra in CF 3 Ph and dioxanewere investigated (spectra for 3a are shown in Figure 2b ;s pectra for 3b,c,s ee Supporting Information). Interestingly,t he absorption of b-SF 5 3a is remarkably weaker than that of a-SF 5 3b and a,b-SF 5 3c.T he 630 nm region of b-SF 5 3a is weak and broad, indicating H-aggregation in CF 3 Ph, while both a-SF 5 3b and a,b-SF 5 3c show sharp spectra of non-aggregation in CF 3 Ph. The Q-band of a,b-SF 5 3c lies almost in the same blue-shift positiona sa-SF 5 3b,i ndependento ft he existence of an additional b-SF 5 group in 3c,w hileared-shift was observed for b-SF 5 3a. These results suggest that the effect of an SF 5 -substitution at ap eripheral a-position is much larger than that at a b-position. The blue-shiftc aused by a-substitutiona rises due to the presence of an electron-withdrawingN O 2 group, [16] which is the opposite observation to that seen when an electron-donating n-butoxy( nBuO) group is present;i nt hat case, a-substitution induces ared-shift of the Q-band. [17] To considert he origin of the differences in Q-bands, HOMO-LUMO energy levels of 3a-c were next calculated by computation, and they were comparedw ith those of conventionalz inc phthalocyanine (ZnPc) (DFT/B3LYP/6-31G*) (Figure 3) . In all cases,t he HOMO levels were stabilized as the number of SF 5 Scheme4.Synthesis of SF 5 -substitutedp hthalocyanines 3. Reagents and conditions:F or 3a:ZnCl 2 (0.33 equiv), N,N-dimethylaminoe thanol,1 40 8C, 10 %y ield;for 3b:Z nCl 2 (0.31 equiv), 180 8C, solvent-free, 28 %y ield;for 3c: ZnCl 2 (0.25 equiv), 200 8C, solvent-free, 7.8 %y ield. All compounds were obtained as am ixture of regioisomers. Figure 2 . UV/Vis spectra of a) compounds 3 in CH 2 Cl 2 at 1.0 10 À4 m: 3a (blue), 3b (pink) and 3c (green), and b) compound 3a at 1.0 10 À4 m in different solvents:CH 2 Cl 2 (blue), CF 3 Ph (pink),d ioxane (green). ChemistryOpen 2015, 4,698 -702 www.chemistryopen.org substitutions increased,w hich is in good agreement with the stabilization of Pcs by electron-withdrawing functional groups. The stabilization effect on the HOMO level by b-SF 5 substitution is slightly stronger than that of a-SF 5 substitution, and approximate additivity was observed for a,b-SF 5 substitution. Energy gaps of HOMO and LUMO correlate well with the Qband positions of 3a-c in Ta ble 1. The Q-band of b-SF 5 3a is shifted to al ong wavelength, which is very consistentw ith calculationsi nw hich the energy gap of HOMO and LUMO of b-SF 5 3a is smallest (2.19 eV), while that of a-SF 5 3b and a,b-SF 5 3c are almost the same (2.25 and 2.26 eV,r espectively). These results clearly indicatet hat aS F 5 group at an a-position increasest he energy gap (3b:2 .25 eV; 3c:2 .26 eV), while b-substitutionw ith aS F 5 group does not affect it (energy gap: ZnPc = 2.19 eV; 3a= 2.19 eV).
Fluorescenceo fb-SF 5 3a is considerably stronger than that of 3b-c,h aving a a-SF 5 moiety,e specially in dioxane; fluorescence quantumyield of 3a is very high (F f = 0.95), and fluorescence decreases in the order b-SF 5 3a > a,b-SF 5 3c > a-SF 5 3b (Table 1) . It is interesting to note that the electron-donating nBuOg roup on Pcs showsasimilar tendency,n amely that the F f value becomes smaller with the a-substitution of nBuO groups,a sr eported by Kobayashi and co-workers. [17] They explained this phenomenon as ad ecrease in the energy gap between HOMO and LUMO, suggesting that the excited states become unstable in systems showing aQ -band at lower energy,d ue to the ease of electron transfer. However,i no ur case, electron-withdrawing SF 5 groups weren ot related to HOMO-LUMO energy gaps. Fundamentally,t he effectso no ptical properties by electron-withdrawing substituents are much smallert han those by an electron-donatingg roup. This indicates that an a-SF 5 -substitutioni nduces an on-radiativet ransition process presumably due to the distortion of the phthalocyanine plane by ab ulky SF 5 group on the a-position, while a b-SF 5 -substitution inhibits it, although further investigation is required.
In conclusion, as eries of directly-substituted SF 5 -containing phthalocyanines (Pcs) were regioselectively synthesized from commercial available simple SF 5 -substituted arenes by stepwise cyanation via ortho-lithiation/iodination. Regiospecific spectroscopic properties were observed. The aggregation of Pcs is controlled regioselectively with the SF 5 substitution at ap eripheral a-o rab-position. The effect of SF 5 substitution at aperipheral a-position is much larger than that at a b-position, observed both in the UV/Vis spectra and fluorescence quantum yields, and an approximate but non-linear additivity exists. The electron-withdrawing property of the SF 5 group mainly contributes to the UV/Vis spectra of SF 5 -substituted Pcs, while fluorescenceq uantum yields seem to be affectedb yt he bulkiness of the SF 5 group due to the distortion of the Pc plane. More systematic analysiso nt he effect of SF 5 substituents is under investigation.
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